We report on transport properties of the vortex lattice in fine, round NbTi wires fabricated by a novel wire-drawing process. The voltage onset in the isothermal I-V characteristic is sharp for thick wires ͑d $ 1 mm͒ at 4.2 K and 6 T, but is rounded for thinner wires. The thinnest wires also display an Ohmic resistivity at low current densities. This linear resistivity decreases exponentially with temperature near T c ͑H͒ and approaches a constant value at low temperatures. We explain our results as finite size effects of the thermal and quantum collective creep of vortex lines. [2, 3] that one could treat the bundles as noninteracting particles moving in a washboard-type pinning potential. In this classical flux creep picture, the vortexpin interaction dominates the dynamical behavior. Since the intrinsic pinning potential is always finite, this classical picture leads to a finite Ohmic resistivity for T . 0 in the pinned vortex state [3] . Feigel'man et al. [4] extended Anderson's original vortex bundle idea further to include the interactions between the bundles. As a result, the depinning bundle size-hence the energy barriergrows infinitely as the driving force is reduced [4] . Thus, the Ohmic resistivity of a bulk sample in the pinned vortex state is zero. Using a symmetry-breaking argument, Fisher argued [5] that this pinned vortex state is a new thermodynamic phase, a vortex glass. He postulated [5] that there is a new superconducting phase coherence in the pinned vortex state, even though quenched pinning disorder destroys the translational order of the vortex state.
Larkin showed [1] two decades ago that random pinning in type-II superconductors always destroys the longrange translational order in the vortex lattice. The statics and dynamics of a pinned vortex lattice are governed by a three-way competition between vortex-vortex interactions, vortex-pin interactions (quenched pinning disorder), and thermal fluctuations. Anderson pointed out [2] that vortex-vortex interactions must play a role in the dynamics of vortex motion. He suggested that such interactions lead to "bundles" of moving vortex lines. Nevertheless, it was believed [2, 3] that one could treat the bundles as noninteracting particles moving in a washboard-type pinning potential. In this classical flux creep picture, the vortexpin interaction dominates the dynamical behavior. Since the intrinsic pinning potential is always finite, this classical picture leads to a finite Ohmic resistivity for T . 0 in the pinned vortex state [3] . Feigel'man et al. [4] extended Anderson's original vortex bundle idea further to include the interactions between the bundles. As a result, the depinning bundle size-hence the energy barriergrows infinitely as the driving force is reduced [4] . Thus, the Ohmic resistivity of a bulk sample in the pinned vortex state is zero. Using a symmetry-breaking argument, Fisher argued [5] that this pinned vortex state is a new thermodynamic phase, a vortex glass. He postulated [5] that there is a new superconducting phase coherence in the pinned vortex state, even though quenched pinning disorder destroys the translational order of the vortex state.
To understand this phase coherence in the pinned vortex state, it is helpful to recall studies of the Meissner superconducting state ͑B 0͒ in one-dimensional (1D) wires [6] [7] [8] . Fluctuation effects interrupt the phase coherence in these wires. A Langer-Ambegaokar nucleation argument [6] leads to an energy barrier to phase slippage which is proportional to the cross-sectional area of the wire. Thus, it is only possible to study the fluctuation effects in very thin wire samples. It is now well established theoretically [6] and experimentally [7] that thermally activated phase slippage leads to broadening of the zerofield resistive transition in a 1D superconducting wire. Well below T c , there is compelling experimental evidence [8] that the thermally activated process gives way to a quantum tunneling process. We show in this Letter that, for narrow wires, there is a strong similarity between the fluctuations of phase coherence in the Meissner state and the fluctuations of the new phase coherence in the vortex glass state.
We describe here an experiment on type-II superconducting wires, with diameters varying from 100 to 0.06 mm. The starting superconducting material was annealed high-homogeneity grade Nb-46.5 wt. % Ti alloy [9] . We chose this alloy because of its high ductility and the availability of ample data on its metallurgical and superconducting properties [10] . The materials parameters of this alloy are r n ഠ 70 mV cm, T c ഠ 9 K, j͑4.2 K͒ ഠ 5 nm, and l͑4.2 K͒ ഠ 280 nm. We produced samples by bundling a Cu-clad NbTi rod with 60 pieces of pure Nb rod [11] in a Cu tube. The 61 rods formed a hexagonal array with the NbTi in the center. Using a draw bench, we reduced the diameter of this billet by a factor of 9, then cut the wire into another 61 pieces and again restacked the rods inside a copper tube. After drawing, restacking, and drawing the wire once more, we had reduced the diameter of the NbTi rods to submicron size while maintaining a macroscopic total wire diameter. No heat treatments were used for our wires, in contrast to the production of commercial NbTi magnet wire. Thus, the bulk critical current density of our filaments, J c ϳ 2 3 10 4 A͞cm 2 at 4.2 K and 6 T, is an order of magnitude smaller; the pinning is primarily by grain boundaries [10] .
Though the pinning in our filaments is weaker than that of commercial NbTi wire, we still find that our samples are in the strong pinning regime. Using the bulk value for J c at 6 T and 4.2 K, we estimated the Larkin 0031-9007͞95͞74(5)͞805(4)$06.00pinning length [12] in our cold-drawn NbTi, R c ϳ ͑C 66 j͞ J c B͒ 1͞2 ϳ 20 nm ϳ a (the flux lattice unit cell). C 66 ͑B 2 c2 ͞4p͒ ͑1 2 1͞2k 2 ͒b͑1 2 b͒ 2 ͑1 2 0.29b͒͞8k 2 and C 44 B 2 ͞4p (see below) are the shear and tilt (local limit) moduli of the vortex lattice, where b B͞B c2 . Since C 66 is expected to be reduced for the narrow wire geometry [13] , the above estimate for R c is an upper bound. Thus, the vortices in the as-drawn NbTi wires are in an amorphous, or strong pinning, state by the definition of Larkin and Ovchinnikov [12] . In the classical AndersonKim picture, the energy barrier for flux creep is mainly determined by the strength of pinning. Even though NbTi is a strong pinning, low-T c material, we show below that fluctuation effects are significant in very thin wires.
Each filament in the final wire consists of a NbTi core with a thin layer of Cu and a thick Nb jacket. Figure 1 (a) shows a scanning electron micrograph (SEM) of the cross section of a typical multifilamentary wire. The nearly round shape of the NbTi core is shown in a closeup in Fig. 1(b) . After etching away the thick Cu matrix, we placed individual filaments on a silicon substrate. We used Ag paint to make electrical contacts (standard four-point measurement) with the current leads well away from the voltage probes to eliminate erroneous current-transfer voltage [14] . Typical contact resistance was less than 1 V. Each filament was examined using a SEM to ensure uniformity of the diameter over its entire length. We made the 4.2 K measurements with the sample immersed in liquid helium; we made the temperature dependent measurements with a standard variable temperature cryostat. To ensure that there were no self-heating effects, we compared I-V curves taken in vacuum and in the bath. We also found no evidence of hysteresis in traces where the current was swept up past I c and back down to zero. At 4.2 K and 6 T, for NbTi core diameters greater than 1 mm, the voltage had a sharp onset. B was oriented perpendicular to the wire. As we reduced the diameter of the core below 1 mm, the voltage onset in the I-V curves became rounded. As we reduced the diameter of the core below ϳ0.3 mm, an Ohmic resistivity appeared at low current densities. In Fig. 2 , we plot electric field E vs current density J for four NbTi filaments with core diameters 1.50, 0.57, 0.32, and 0.12 mm, at B 6 T and T 4.2 K.
Behavior similar to Fig. 2 was observed recently at 4.2 K in narrow strips of Nb film of intermediate width [15] and in fine NbTi filaments with artificially engineered pinning centers [16] . However, a low current Ohmic resistivity is not observed in multifilamentary wires with fine subfilaments [16] . This behavior can be explained successfully as an effect of thermally activated collective creep in a small sample: The depinning bundle size is limited by the dimensions of the sample [15, 16] . In general, a depinning bundle has a volume the energy barrier is finite. Only in very thin wires, however, is this finite resistivity detectable. Previous work examined this low current Ohmic resistance over a limited temperature range [15, 16] . In this Letter, we study the origins of these fluctuation effects in a much larger temperature range.
We measured I-V curves at various fixed temperatures for filaments with different diameters. We find that the low current tails of the I-V curves remain linear even for temperatures well below T c ͑B͒. Figure 3 is an Arrhenius plot of the Ohmic resistivity data. The area we used for converting resistance to resistivity is that of the NbTi core. The correction due to the thick Nb jacket is negligible below 5 3 10 29 V cm. The level-off of resistivity above ϳ10 28 V cm represents the resistive shunt by this Nb jacket; the normal-state resistivity of NbTi is ϳ10 24 V cm. Therefore, the onsets of the transitions (Fig. 3) occur after the resistivity of the NbTi core has already dropped by 4 orders of magnitude from its normalstate value. The resistivity is thermally activated near the transition, but becomes nearly independent of temperature far below the transition.
We also studied the field dependence of the resistive transition in the thin filaments with a lock-in amplifier (PAR 124). The ac current level (35 nA at 3 kHz) was low enough so that the measurement was in the Ohmic regime; this was verified independently by dc I-V traces. tested other values for the exponent of the 1 2 T͞T c ͑B͒ term, but the power 3 2 gave the most satisfactory fit. It is interesting to point out that the temperature and field dependences of the activation energy resemble those of Tinkham [3] .
We have made three important improvements in this experiment over previous work: the Nb jacket and round NbTi core remove the surface barrier found by Ando et al. [15] ; the jacket eliminates self-heating problems [17] ; and the density of pinning centers (primarily grain boundaries) is nearly constant for all our present samples [18] . With these improvements, we are able to observe clearly the finite-size effect of the collective creep down to very small wire diameters. The energy barrier extracted from the thermally activated region of the resistive transition curve, as in Fig. 3 , is approximately proportional to the area of the core ͑ϳd 2 ͒. For the d 0.32 mm core at 6 T, U͑B, d͒ ϳ 200 K. This agrees well with a simple estimate [16] using the collective creep model. The small sample size leads to a small energy barrier. This greatly reduced energy barrier allows the observation of additional fluctuation effects: From Figs. 3 and 4 , it is clear that there is a crossover from a thermally activated process to a nonthermal mechanism as temperature is reduced far below T c .
Our size and temperature dependent resistance data in Fig. 3 are reminiscent of the data of Giordano [8] on 1D superconducting wires. There also, the additional dissipation well below T c was only observable in 1D wires with diameters of a few hundred angstroms [8] . Giordano [8] has suggested that phase slips due to macroscopic quantum tunneling may be the cause of the low temperature resistance tail in the 1D wires he studied in zero field. One possible mechanism for our low temperature resistivity tail could be quantum tunneling of vortices through the energy barrier [19] . One expects a crossover from thermal activation to quantum tunneling to occur when U͞k B T ϳ S eff ͞h, where S eff tU is the effective action, and t is the tunneling time for a vortex bundle to escape through the barrier. The crossover temperature T ‫ء‬ ϳh͞tk B is expected to be independent of the wire size for 1D superconductors in the Meissner state [8] . From Fig. 3 , one can see that T ‫ء‬ does depend on the wire size in our case. This indicates that the tunneling time t has to be related to the sample size. One can understand this behavior qualitatively from the theory of quantum collective creep [19] . In quantum creep theory, the tunneling time of a vortex bundle is t ϳ R 2 Ќ h͞a 2 C 66 , where h is the viscosity. For an elastic deformation,
The full details of these relations are unknown at this stage. It is therefore difficult to compare our data quantitatively with the present theories of quantum creep of vortices developed for bulk samples. We hope that our result will stimulate theoretical work on quantum collective creep in the regime of our experiment.
Our data seem to agree qualitatively with the theory of quantum creep. However, it is somewhat difficult to imagine the quantum tunneling of several vortices simultaneously through an energy barrier. To gain further insight into this problem, it is helpful to go back to Fisher's original phase coherence argument [5] for the vortex glass. He argued [5] that a pinned disordered vortex lattice possesses a new superconducting phase coherence. By analogy to the original superconducting phase coherence of the Meissner state, the new phase coherence in a narrow filament can only be interrupted by phase slippage. Just as phase slippage in the Meissner state involves many Cooper pairs, phase slippage in the pinned vortex state might involve many vortices. It is therefore possible to have a single phase slippage event involving several vortices in a quantum mechanical tunneling process. Thus, there appears to be a profound relationship between the new Fisher phase coherence in a pinned vortex lattice and quantum tunneling of several vortices simultaneously.
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